We have isolated two soil bacteria (identified as Arthrobacter aurescens TW17 and Nocardia sp. strain TW2) capable of degrading p-nitrophenol (PNP) and numerous other phenolic compounds. A. aurescens TW17 contains a large plasmid which correlated with the PNP degradation phenotype. Degradation of PNP by A. aurescens TW17 was induced by preexposure to PNP, or We have isolated by serial enrichment several soil actinomycetes which degrade PNP. One of these has been identified as Arthrobacter aurescens (strain TW17) upon the basis of gram-positive staining, rod-coccus transformation, oxidative metabolism, and cell wall fatty acid analysis (carried out by Microcheck, Inc., and Microbial ID, Inc.) (9, 11, 17) . A second isolate has been tentatively identified as a Nocardia sp. (strain TW2) upon the basis of filamentous growth and fragmentation, gram-positive and partial acid-fast staining, lysozyme resistance, and cell wall fatty acid analysis.
Nitroaromatic compounds are widely used as insecticides, herbicides, fungicides, and explosives. Nitrophenols can build up in the soil as a result of hydrolysis of several organophosphorous insecticides, such as parathion, or from the use of herbicide nitrophenols (13, 19) . Microbial degradation of p-nitrophenol (PNP), a hydrolytic product of parathion, has been described for several genera including Flavobacterium, Pseudomonas, Moraxella, Arthrobacter, and Bacillus (8, 14, 16, 18) . The initial metabolite of PNP degradation varied depending upon the organism. Spain and Gibson (18) described the initial conversion of PNP to hydroquinone in a Moraxella strain, whereas Raymond and Alexander (16) proposed that a Flavobacterium strain de- graded PNP through a 4-nitrocatechol intermediate.
We have isolated by serial enrichment several soil actinomycetes which degrade PNP. One of these has been identified as Arthrobacter aurescens (strain TW17) upon the basis of gram-positive staining, rod-coccus transformation, oxidative metabolism, and cell wall fatty acid analysis (carried out by Microcheck, Inc., and Microbial ID, Inc.) (9, 11, 17) . A second isolate has been tentatively identified as a Nocardia sp. (strain TW2) upon the basis of filamentous growth and fragmentation, gram-positive and partial acid-fast staining, lysozyme resistance, and cell wall fatty acid analysis.
Plasmid DNA was isolated from A. aurescens TW17 by the method of Brandsch and Decker (3). Agarose gel electrophoresis revealed that this isolate contains two large plasmids (Fig. 1, lane 2) . In order to determine whether the PNP degradative phenotype is plasmid encoded, cells were grown for 48 h in M9 medium (10) supplemented with glucose (0.2%) and yeast extract (0.02%), and then dilutions were plated onto a rich medium. Twenty randomly chosen isolated colonies were screened for the presence of plasmids. Two of the colonies (designated strains TW17C1 and TW17C2) had lost the larger plasmid (Fig. 1, lanes 3 and 4) and simultaneously lost the ability to degrade PNP. The other 18 colonies examined retained both of the plasmids and the PNP degradative phenotype. This pellet was resuspended to anA6. of 1.0 in M9, and then PNP was added up to 0.1 mM to both sets of flasks. Samples were removed periodically, and PNP concentration was monitored spectrophotometrically by A402 (NaOH was added to increase the pH above 9). In both the Arthrobacter and Nocardia strains preexposure to PNP resulted in rapid degradation of PNP compared with nonpreexposed (control) cells (P < 0.0001) ( Table 2 ). The 50% induction times are average values from several separate experiments. These times varied slightly between experiments; however, noninduced cells consistently took 1 to 2 h longer to degrade PNP than did induced cells. The threshold concentration of PNP required for induction was between 0.01 and 0.1 mM for both organisms, and high levels of PNP (0.5 mM) were less effective at inducing the system because of toxicity to the organisms (data not shown).
To confirm that induction was the result of new protein synthesis, cells were grown overnight in M9, the density was adjusted to an A600 of 1.0 and the culture was then divided into two sets of flasks. PNP was added to a final concentration of 0.1 mM to one set of flasks, and cultures were incubated for an additional 3 h. Cells from both sets of flasks were washed twice with M9 and resuspended in M9 contain- (15) . Haigler and Spain reported that nitrobenzene was degraded by a Pseudomonas strain only when the dioxygenase enzyme was induced by toluene (7), and Abril et al. have extensively characterized effectors which induce the TOL upper pathway (1). We tested the specificity requirements for induction of the initial step of PNP degradation with our organisms. Cells were grown as described above and were then preexposed to various PNP analogs (0.1 mM) for 2.5 h. Cells were washed and resuspended in M9 with 0.1 mM PNP, and PNP levels were monitored spectrophotometrically. The time required to degrade 50% of the PNP was chosen as a measure of the efficiency of induction and was used to evaluate whether compounds induce PNP degradation (Table 2) .
PNP degradation by A. aurescens TW17 was induced by PNP, 4-nitrocatechol, 3-methyl-4-nitrophenol, or m-nitrophenol (Table 2 ). Phenol and nitrobenzene were not inducers; therefore, there appears to be a strict requirement that the system be induced by a nitrophenol. Since PNP, 4-nitrocatechol, and m-nitrophenol are inducers, but o-nitrophenol is not, the nitro group apparently must be in thepara or meta position.
Induction of A. aurescens TW17 with PNP led to immediate accumulation of nitrite ( Fig. 2A) . Nitrite was measured by the method of Montgomery and Dymock (12) . This suggests a pathway similar to that described by Spain and Gibson (18) , where the first detectable metabolite was hydroquinone. Under these conditions we were unable to detect hydroquinone by HPLC or thin-layer chromatography analysis. For thin-layer chromatography, 5-ml supernatant samples were acidified, extracted with 10 methanol. Silica gel Al G thin-layer chromatography plates (Whatman) were developed in chloroform-ethanol-0.1 M sodium hydroxide (100:5:1). Spots were visualized by spraying with 1 M sodium hydroxide. Since hydroquinone may be produced byA. aurescens TW17 and then rapidly degraded, PNP degradation was carried out in the presence of 1 mM 2,2'-dipyridyl (Sigma Chemical Co.). 2,2'-Dipyridyl has been shown to inhibit hydroquinone degradation in a Moraxella sp. (18) . After 10 h no hydroquinone was detected; however, a brown product had accumulated. Addition of sodium dithionite converted the brown material into hydroquinone. This was shown by thin-layer chromatography, in which the product has an Rf identical to the hydroquinone standard and gave a blue color reaction (characteristic of dihydric phenols) with Folin-Ciocalteu's phenol reagent.
PNP degradation by Nocardia sp. strain TW2 was induced by PNP, 4-nitrocatechol, phenol, m-nitrophenol, orp-cresol. PNP degradation by cells induced with PNP or 4-nitrocatechol led to the immediate accumulation of nitrite (Fig. 2B) , suggesting a pathway similar to that exhibited by the Arthrobacter strain. Hydroquinone was detected with 2,2'-dipyridyl as described above. The induction specificity of this pathway was similar to A. aurescens TW17, with the exception that 3-methyl-4-nitrophenol was not an inducer. Pseudomonas sp., which they identified as 4-nitrocatechol (20) . The pink metabolite formed by the Nocardia strain was identified by HPLC as 4-nitrocatechol. 4-Nitrocatechol was not detected when cells were induced with PNP. After induction with phenol, 4-nitrocatechol (measured spectrophotometrically by A510) and nitrite production were monitored (Fig. 2C) . 4 -Nitrocatechol began to appear by 0.5 h and peaked at 1.5 h. Nitrite did not appear as an initial metabolite by this pathway and was not detected in significant amounts until 1 to 1.5 h after induction. This alternate pathway appears to involve hydroxylation of PNP at the 2 position, forming 4-nitrocatechol. 4-Nitrocatechol is then further degraded with the release of nitrite. The three inducers of this pathway are similar in that they are phenols with no moiety in the ortho position, and all induce production of an enzyme which hydroxylates PNP at the ortho position.
Our results indicate that PNP degradative pathways forA. aurescens TW17 and Nocardia sp. strain TW2 are inducible by PNP and several structurally related compounds. This work is the first systematic characterization of structural requirements for induction of nitrophenol degradation. These induction studies led us to the observation that Nocardia sp. strain TW2 possesses two alternate pathways whose expression depends upon the inducer. Both pathways have been previously described, but not within one organism (16, 18, 20) . Finally, this is the first report which suggests that nitrophenol-degradative genes can reside on a plasmid. Our current studies include cloning and sequence analysis of the Arthrobacter plasmid-encoded gene for the putative nitrophenol oxygenase. The hope is that understanding the physiology and genetics of nitrophenol degradation will be helpful in designing strategies for bioremediation of contaminated environments.
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